30 Viruses subvert macromolecular pathways in infected host cells to aid in viral gene amplification 31 or to counteract innate immune responses. Roles for host-encoded RNAs, including 32 microRNAs, have been found to provide pro-and anti-viral functions. Recently, circular RNAs 33 (circRNAs), that are generated by a nuclear back-splicing mechanism of pre-mRNAs, have 34 been implicated to have roles in DNA virus-infected cells. This study examines the circular RNA 35 landscape in uninfected and hepatitis C virus (HCV)-infected liver cells. Results showed that the 36 abundances of distinct classes of circRNAs were up-regulated or down-regulated in infected 37 cells. Identified circRNAs displayed pro-viral effects. One particular up-regulated circRNA, 38 circPSD3, displayed a very pronounced effect on viral RNA abundances in both hepatitis C 39 virus-and Dengue virus-infected cells. Surprisingly, circPSD3 also inhibited the cellular 40 nonsense-mediated decay (NMD) pathway in liver cells. Thus, enhanced abundance of 41 circPSD3 in virus-infected cells aids in viral replication and likely contributes to the known 42 inhibition of NMD in HCV-infected cells. Findings from the global analyses of the circular RNA 43 landscape argue pro-, and likely, anti-viral functions are executed by circRNAs that modulate 44 both viral gene expression as well as host pathways. Because of their long half-lives, circRNAs 45 likely play hitherto unknown, important roles in viral pathogenesis. 46 47 48 Author Summary 49 50 Usually, cells are infected by one or a few virus particles that carry genomes with limited 51 expression capacity. Thus, the expression of viral genomes has to compete with a sea of 52 cellular components that aid in viral translation, replication and virion production. Depending on 53 their lifestyle, viruses have evolved to avoid or to subvert cellular pathways, especially those 3 54 that display anti-viral functions. Host-derived circular RNA molecules have recently been 55 discovered in the cytoplasm of cells, although, as-of yet, few functions have been assigned to 56 them. Here, we describe alterations in the circular RNA landscape in hepatitis C virus-infected 57 liver cells. Up-regulated and down-regulated circular RNAs were identified, and three of the 58 upregulated RNAs were shown to promote HCV infection. One of them, circPSD3, inhibited the 59 cellular nonsense-mediated RNA decay that is a powerful antiviral response in infected cells. 60 Because circular RNAs are more stable than linear RNAs, they may have important functions 61 during viral infection, dictating the outcomes of innate immune responses and viral 62 pathogenesis. 63 64 Introduction 65 66 Cicrular RNAs (circRNAs) were first detected in plant viral RNA pathogens, termed viroids [1].
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207 To localize circPSD3 in cells, circPSD3 was visualized by fluorescent in situ hybridization, using 208 a back-splicing junction-spanning, bridging oligonucleotide to which fluorophores were attached.
209 Figure 5A shows that circPSD3 located to both the nucleus and cytoplasm, with approximately 210 3-8 molecules per cell (Fig. 5A,B ). Treatment of cells with siRNAs directed against circPSD3 211 diminished the number of foci, confirming that detected foci contained circPSD3 molecules. The 212 number of circPSD3 molecules per cell was further quantitated by Droplet Digital PCR. Results 213 showed that approximately 10 circPSD3 molecules reside per cell, nearly half as much as linear 214 PSD3 mRNA (Fig. 5C ). These findings show that the puncta were single molecules, but that not 215 all were detected by in situ hybridization. Importantly, these data argue that even low-abundant 216 circRNAs can have significant effects on viral gene expression.
218 circPSD3 performs pro-viral functions across genotypes
219 220 To study the mechanism by which circPSD3 enhances HCV RNA abundance, the expression of 221 a J6/JFH1 Renilla luciferase-containing viral RNA was monitored in circPSD3-depleted cells at 222 different times after transfection of viral RNAs. To distinguish effects of circPSD3 depletion on 223 viral mRNA translation and replication, luciferase activities were measured after transfection of 224 chimeric RNAs that contain a mutation in the RNA-dependent RNA polymerase 5B. Figure 6A 225 shows that translation of the viral RNA actually seems to be slightly enhanced in cells treated 226 with circPSD3 siRNAs compared to cells that received control siRNAs. These findings argue 227 that circPSD3 has a minor inhibitory effect on viral mRNA translation and a more pronounced 228 pro-viral effect that occurs either after the steps of entry, i.e. replication or virion assembly.
229
230 To test whether observed effects of circPSD3 RNA depletion are genotype-specific, RNA 231 abundances in cells transfected with HCV type 2 or 1a genotype were examined. Figure 6B 232 shows a slight, but statistically significant decrease of Renilla luciferase activity in circPSD3 10 233 siRNA-treated cells at later times after RNA transfection. Because the JFH1 HCV genome 234 replicates very robustly in liver cells, the effect of circPSD3 depletion on the expression of the 235 more clinically relevant type 1a HCV genotype was examined. Figure 6C shows that there was 236 a significant decrease of luciferase activity at later times in circPSD3 siRNA-treated cells that 237 harbor chimeric Gaussia luciferase-HCV transfected RNA genomes, arguing that circPSD3 has 238 pro-viral functions for at least these two HCV genotypes. Further biochemical analyses are 239 needed to pinpoint the exact step at which viral RNA replication is affected by circPSD3. 541 the middle row of wells of the droplet generation DG8 cartridge, and a volume of 70 µl of Droplet 542 Generation Oil was added to the left row. After the generation of the droplets (between 14,000-543 16,000 droplets/well) in a QX200 droplet generator, the droplet mixture (42 µl) was transferred 544 to a PCR plate. The thermal cycling conditions were 95°C for 10 min, followed by 50 cycles of 545 94°C for 30 sec plus 60°C for 60 sec, with a final 10 min at 98°C. After PCR amplification, the 546 positive droplets were counted using QX200 droplet reader (Bio-Rad). The data were analyzed 547 using the QuantaSoft Analysis Pro software (Bio-Rad). 
